Allosteric communication between distant parts of protein controls many cellular functions. Binding of Ca 2+ to the helix-loop-helix motifs (termed EF-hands) in calmodulin (CaM) leads to large conformational changes poising it for the binding of target proteins involved in variety of cell signaling events. Despite the physiological importance, the mechanism of Ca 2+ -mediated allosteric transitions in CaM remains elusive. Particularly, it is still unclear how water molecules contribute to Ca 2+ coordination and the coupled conformational motions. We use all-atom molecular dynamics simulations with enhanced sampling method to investigate the coupling between the Ca 2+ binding, dehydration, and the conformational change of the isolated CaM domains, each containing two EF-hands. We reveal a water-bridged coordination mechanism during Ca 2+ binding and dehydration, in which the bridging water molecules 1 reduce the entropy penalty during the coordination of liganding residues, thus contributing to efficient ligand binding in CaM domains. Exposure of hydrophobic sites occurs by calcium induced rotation of the helices of EF-hands with the hydrophobic core serving as the pivot. Interestingly, we find that despite being structurally similar, the structural response in the two EF-hands upon Ca 2+ binding is highly asymmetric, which is needed for allosteric communication between them. The atomically detailed picture for the allosteric transitions of the CaM EF-hands, which are the first events in mediating a variety of intracellular processes, reveal the complex interplay between the discrete water molecules, dehydration of Ca 2+ , and CaM structural changes.
Introduction
Calmodulin (CaM), a versatile calcium (Ca
2+
) sensing protein expressed in all eukaryotic cells, is involved in a bewildering range of intracellular signaling processes. 
Binding of Ca

2+
, whose intracellular and extracellular concentrations differ by several orders of magnitude, to CaM results in a large conformational change leading to the exposure of hydrophobic residues that serve as recognition sites for target proteins. CaM is composed of two nearly symmetric globular domains connected by a flexible central helix.
7,8
Each domain consists of two helix-loop-helix motifs, termed EF-hands, (Fig. 1A,B ), which are found in a large number of calcium-sensing proteins.
9,10
The EF-hands chelate Ca
2+
, resulting in coordination to seven ligands arranged in a pentagonal bipyramid geometry (often involving one water molecule and five liganding residues) with the negatively charged residues in the loop 10 ( Fig.1C,E ). In the apo state of CaM (Fig. 1B,D) , the helices in the EF-hand motif are arranged in an anti-parallel manner. Upon binding of Ca
, the helices undergo substantial rearrangement into a nearly perpendicular conformation, exposing the hydrophobic sites which enable recognition and subsequent activation of target proteins.
9,11,12
Through such a mechanism, CaM initiates a variety of cellular processes.
In a more general context, Ca
2+
-triggered conformational changes in CaM is an example of allostery, which describes the structural changes that occur in enzymes and molecular machines at distances far from the site at which a ligand binds.
13,14
Nature utilizes such functional motions, which are triggered by binding of cofactors, such as metal ions, ATP, and other small molecules to specific sites in proteins and RNA, to execute a variety of functions.
15-21
Binding of cofactors at a certain site (allosteric site) induces structural rearrangements at a distant site (regulated site) in the enzyme, thereby modulating the downstream activity. By such allosteric movements, small local changes are amplified over long distances, which allow for control and regulation of cellular signaling and functions. 22, 23 Despite the biological importance of allostery, some key questions are still not fully understood, includ- Because of the rich experimental data and the typical allosteric feature, CaM is an ideal system for answering these questions computationally.
24? ? -33
For example, a recent simulation work using atomistic molecular dynamics (MD) and Markov state models revealed the conformational heterogeneity of the calmodulin binding interface which may facilitate the recognition of diverse targets.
?
Experiments have characterized the kinetics of conformational changes in CaM domains upon Ca
2+
binding.
28,34-45
For example, mutation experiments, in which the N-terminal domain of CaM (nCaM) is locked in the closed conformation by a disulfide bond, was used to propose that the glutamic acid at position 12 ( Fig.1E ) of the EF-loop is responsible for the conformational transition in response to the binding of Ca
2+
by a two-step mechanism.
45
In the first step, the Ca For a direct comparison with the above mentioned experiment, 45 our discussions mainly focused on the nCaM. However, similar simulations were also conducted for the C-terminal domain of CaM (cCaM), for which a number of spectroscopy data are available and can be used for benchmark. We extracted the full free energy landscape of the Ca 2+ coupled conformational changes of CaM domains at atomic level.
Our results revealed a water-bridged coordination mechanism for the Ca 2+ binding process, in which the water molecules reduce the dehydration entropy penalty. This enables efficient Ca
2+
-ligand coordination and allosteric motions of the nCaM. We propose that the water-bridged coordination may be general mechanism employed in metal-coupled folding and allosteric communication in proteins. We also showed that Ca 2+ binding leads to rotation of the EF-hand helices with the hydrophobic core as the pivot, a structural change that should precede recognition by target proteins for signal transduction. In addition, our results revealed obvious asymmetry in the allosteric coupling of the paired EF-hands: the EF-hand 1 (EF 1 ) binds Ca 2+ in a sequential manner by chelating to the N-terminal residues followed by coordination with the central residues, and finally to the C-terminal residues.
In contrast, chelation of Ca
to the EF-hand 2 (EF 2 ) is initiated either to the residues in the N-and/or C-terminal residues followed by coordination to the central residues. Similar results were obtained for the cCaM.
Results and Discussion
Ca
2+
binding is coupled to conformational changes of the EF-hand motifs
We use well-tempered bias-exchange metadynamics 46, 50 and the corresponding reweighting is large and N α (α = 1 or 2) is small, the closed state is more stable whereas when the native ligands are fully coordinated to Ca 2+ the open structure is more stable (Fig. 2A,B) . bound state, which was also observed in experiments, could be the major reason that the EF-hand motifs recognize and bind a variety of target proteins.
52,53
The free energy landscapes for the cCaM are mostly similar to those of the nCaM except for one crucial difference, namely, even in the case of low coordination number, both EF-hands in the cCaM can adopt an open conformation, suggesting higher flexibility of the cCaM (Fig.S1 ). Interestingly, previous NMR studies have showed that the open conformation can have a minor but significant population (5 − 10%) even without Ca 2+ binding, 34, 54 which is in accordance with our simulation results.
Although the two EF-hand motifs have similar structures, comparison of Fig. 2A and (N 1 ≥ 5). Thus, the behavior of EF 2 is affected by the conformation of EF 1 through long range allosteric interactions between the two EF-hands, which will be discussed later in more details.
Step-wise dehydration of Ca when N 2 = 3 (see Table 1 and Fig. 3C ; the probability of the coordination is defined in the Methods section). As the binding process and conformational changes proceed further, the non-native ligands (oxygen atoms from 
55-57
These processes may be necessary to minimize the free energy cost caused by the sharp dehydration of metal ion during the binding process.
56,57
Molecular mechanism of the Ca
2+ binding
The results presented above strongly suggest that the conformational changes in the nCaM are coupled to the binding of Ca
2+
with water playing a crucial role. Therefore, it is of interest to further clarify the order of binding of residues that are coordinated to Ca 2+ in detail. Due to the nature of the metadynamics simulations, the kinetic information can only be indirectly gleaned using the present simulations. In particular, we can approximately extract the binding order based on the correlation analysis, as done in previous studies.
56,58
Binding to EF 1 : Figure 4A shows the coordination probability, P (i, N α ), (defined in Methods section) for each ligand bound to the Ca 
59,60
The fourth native ligand coordinated to Ca . In this structure, the oxygen of the water molecule is coordinated to Ca 2+ as a ligand. At the same time, it forms a hydrogen bond with the side-chain oxygen from Glu31 (Fig. 4B) . We note that such a water-bridged coordination structure is quite similar to the intermediate structure identified in experiments. 45 When the bridging water is finally expelled, the last two native ligands, side-chain oxygen atoms from Glu31, are coordinated to Ca to the residues predicted in our simulations is consistent with the two-step Ca
2+
binding mechanism proposed based on crystal structure of a mutant.
11,45
Interestingly, the results in Fig. 2 and Fig. 4 show that once the two oxygen atoms from Glu31 are coordinated to Ca Binding to EF 2 : The mechanism of binding of Ca 2+ to EF 2 is dramatically different (Fig. 4C,D) . Instead of binding to the native ligands by the sequence of N-terminal residues → central residues → C-terminal residues as in EF 1 , the Ca 2+ binds initially to the Nterminal residues Asp56, Asp58 (or C-terminal residues Glu67), which is followed by the binding of the C-terminal residues Glu67 (or N-terminal residues Asp56, Asp58). Only at the final stage, it is bound to the central residues Asn60 and Thr62. Therefore, the Ca 2+ binding to the EF 2 follows the sequence N-terminal and/or C-terminal residues → central residues.
The differing mechanism of coordination to Ca We also found that before Ca 2+ binds to the central residues Asn60 and Thr62, a nonnative ligand Asp64 is coordinated with Ca 2+ (Fig. 3B,C and D) . Consequently, the last steps of the Ca 
48
In experiments,
45
Asp64 was mutated to Asn64 for the EF 2 . Interestingly, it was shown that the mutated EF 2 has similar binding mechanism as EF 1 , namely, the N-terminal part of the loop are coordinated to Ca
2+
earlier than the C-terminal ligands. 45 These results suggest that the charged state of the residues to which Ca 2+ is coordinated plays a crucial role in the mechanism of Ca 2+ binding and allostery.
22
The cCaM has the similar Ca loops. As shown in Fig. 1 and Fig.S1 (see Supplementary Fig.S1 online) , the residue at the l5 position of the EF 1 (EF 4 ) in the nCaM (cCaM) is charged, whereas that of the EF 2 (EF 3 ) in the nCaM (cCaM) is neutral.
Ca
2+
binding-induced rotation of EF-hand helices
Structures of nCaM show that there are several hydrophobic residues located around Ile27 and Ile63 whose non-polar side-chains stack against each other to form the center of the hydrophobic core 52, 54 ( Fig. 5D) . During the Ca 2+ binding and conformational transition, the hydrophobic cluster formed by these residues, including Phe16, Phe19, Ile27, Leu32, Val35, Ile52, Val55, Ile63 and Phe68, are almost rigid (see Supplementary Fig.S5 online) .
Comparison of the structures in the apo-and holo-states suggests that the two helices of the EF-hand rotate around the hydrophobic cluster during the conformational transition.
To demonstrate the coupling between the Ca 2+ binding and the EF-hand opening, we (E) Free energy profile of nCaM conformational transition projected onto S 1 and S 2 . The free energy scale is in kcal/mol, and the isolines are drawn using a spacing of 0.5kcal/mol. calculated the distance between the EF-loop ends (R loop , is the distance between the blue residues in Fig. 5B ) and the inter-helical angles between the helices (η, denoted by the red arrows in Fig. 5C , which are represented by vectors pointing from one residue's C α to another) of the two EF-hands, respectively. The results in Fig. 5A show that R loop decreases upon Ca (Fig. 5D) .
Furthermore, the rotation of the EF-hand helices is accompanied by the reconfiguration of the surrounding hydrogen bonds (see Supplementary Fig.S5D , E online). Taken together these results demonstrate that the rotation of the EF-hand helices is coupled to Ca 
61
The large conformational rearrangement between the two helices of the EF 1 with the coordination of the third ligand is somewhat surprising since the conformational restraint to the inter-helix orientation imposed by the coordination of the Asp24 is limited, as envisaged from the coordination structure of the holo conformation (Fig. 1) . One possible origin for the observed large-amplitude rotation is the tight coupling between the two EF-hands. As shown in Fig. 5E , the conformational changes of the two EF-hands mostly follow the diagonal line of the two dimensional free energy landscape, which may suggest the tight coupling and cooperativity between the two EF-hands. Consequently, the coordination of the terminal residues of the EF-hand loop to the Ca 2+ in EF 2 leads to the conformational transition of EF 2 from closed to open conformations due to the strong geometric restraint, which then induces the partial opening of the EF 1 helices. In fact, the tight coupling between the two EF-hands in both nCaM and cCaM have been observed in experiments, 25, 37 which is in line with the above discussions.
Bridging water molecules lower the free energy barrier between the allosteric states
As mentioned above, water-bridged interactions play a crucial role during Ca to Ca 2+ is less than 2.8Å; and (ii) the hydrogen bond is formed between water and the native ligand. We note that for each residue listed in Table 1 , the Ca to five of the native ligands of EF 2 , the last native ligand, Thr62, is not "free", but has a probability of 0.83 to be bridged to the Ca 2+ by a water molecule (Table 1) .
To quantitatively evaluate the contribution of water molecules to the Ca and the closest side-chain oxygen of Glu31 (see Methods section). As a control, we also designed a system in which the electrostatic interactions between the bridging water molecule and Glu31 side-chain atoms were turned off. The differences between the two simulations reflect the net effect of the bridging water on the binding free energy landscape. When the interaction of the bridging water includes the electrostatic potential, an intermediate is present in the free energy profile at D ≈ 4.3Å (see Fig. 6A , black line), in which the Glu31 is bridged to the Ca 2+ by the bridging water molecule (Fig. 6B) . Note that the height of free energy barrier is comparable with the value of the free energy barrier between N α = 4 and N α = 5, as shown in Fig. 2A . In contrast, when the electrostatic interactions involving the bridging water molecule are switched off, a high free energy barrier is observed (∼ 6kcal/mol, shown in Fig. 6A, red line) . We surmise that water reduces the free energy barrier by bridging the Ca 2+ -Glu31 interaction, therefore speeding up the coordination between the Ca 2+ and Glu31. , which corresponds to the most stable state at D = 2.3Å.
Two possible effects may contribute to the reduction of the free energy barrier by the bridging water. First, the attractive interaction due to the bridging waters tends to decrease the free energy barrier. Second, the bridging water reduces the translational entropy of the captured Ca
2+
, therefore decreasing the entropy penalty during the Ca 2+ -Glu31 coordination, which can also contribute to the reduction of the free energy barrier. We propose that this kind of contribution of water molecule to the binding of metal ions should be a common feature in other metal-ion induced biological processes. In our metadynamics simulations, for better convergence, we prevent Ca In addition, including the downstream binding partners of the CaM in such simulations would also be important to fully understand the propagation of allosteric signal in a molecular level.
Methods
We used the NMR structure of Xenopus nCaM for the holo form with 1J7O
54
as the Protein Data Bank (PDB) entry. The apo form with the same sequence (residue 1 to 76) was taken from the NMR structure of X. laevis CaM with PDB code 1CFD.
52
All MD simulations were carried out using GROMACS 4.5. 5 62 with the OPLS/AA force field.
63
The Ca . Energy minimization was performed before the MD simulations.
Before running metadynamics simulations the Ca
2+
-nCaM systems were heated to 300K in the NVT ensemble and then equilibrated for 10 ns MD under NPT conditions, with P = 1atm and T = 300K. Periodic conditions were used and electrostatic interactions were calculated using the particle-mesh Ewald algorithm. The simulations for the cCaM were conduced similarly.
Collective Variables (CVs) in metadynamics
We used the "bias-exchange"
46
form and "well-tempered" 50 algorithm of metadynamics to accelerate conformational sampling, using the PLUMED 1.3 package.
64
The CVs used to study the Ca and EF 4 ), respectively, of the nCaM and cCaM) to describe the number of native ligands that are coordinated to Ca
where k α i is defined using the switching function,
In equation (2) Asp residues, the two oxygens from the same residue were considered "degenerate", namely, when more than one oxygen is coordinated to Ca
2+
, we consider only one of them to be a native ligand. However, for the Glu residues in the 12 th position of the EF-loops of nCaM and cCaM, two oxygens are treated as individual ligands. We treated coordination of Ca
to Asp differently from binding to Glu because in the holo structure of the nCaM and cCaM (PDB entry 1J7O and 1J7P, respectively) Ca
is coordinated to both oxygen atoms of Glu but only to one of the Asp oxygen atoms.
We also used the "path collective variables" calculated using,
where α = 1, 2, 3, and 4 dictates the α th EF-hand, and d(X 
(t).
A small value of S α corresponds to closed structure and a large value of S α corresponds to open structure. We used λ = 10 in our simulations.
To use the bias-exchange method with metadynamics, we designed 5 replicas. In the first replica, there is no bias in the CVs. In each of the other four replicas, a bias was applied to one of CVs, including N 1 , N 2 , S 1 , and S 2 for the nCaM simulations, and N 3 ,N 4 , S 3 , and S 4 for the cCaM simulations. Exchange between replicas was attempted every 10,000 MD steps, and each replica lasts for 250ns. In the well-tempered algorithm, we used a bias factor of 30 for the rescaling of the Gaussian height, and 0.2kJ/mol as the initial Gaussian height.
To get better convergence of the simulations, lower boundaries of the N 1 , N 2 , N 3 and N 4 were set at 0.5 (for all the 5 replicas), which prevents the Ca 
Coordination probability
Binding pathways are quantified using the probability, P (i, N α ), that the i th residue is coordinated to Ca 2+ when the total ligand number of EF-hand α is N α (N α = 1, 2, . . . , 6). We define P (i, N α ) using
where N α and k α i are defined in equation (1) and equation (2), and θ Nα (N α ) is a step function:
is a two dimensional probability distribution of the variables k α i and N α , which cannot be directly calculated as the average over time from the metadynamics. We use the reweighting techniques described in Ref. 
Water-bridged coordination of Glu31 to the Ca
2+
We also used well-tempered metadynamics to study water-bridged coordination of Glu31 to the Ca 2+ for the nCaM. The minimum distance between the Ca 2+ and two oxygen atoms of Glu31 is chosen as the collective variable D, 64 which we define as:
where r i (i = 1, 2) is the distance between each oxygen and the Ca
, and σ = 5000Å. The well-tempered rescaling factor is 12, and the initial Gaussian height is 0.2kJ/mol.
In the control simulation, once a water molecule comes into the first ligand shell of Ca
and simultaneously within 3.5Å distance of any of the two oxygen atoms of Glu31, the electrostatic interactions between the water and the side-chain heavy atoms of Glu31 are turned off. This was accomplished by modifying the source code of GROMACS package.
To achieve better convergence we use a restraining potential at D = 6.5Å to limit the region of the phase space accessible during the simulation:
where K = 50kcal/mol/Å 2 and D wall = 6.5Å. We performed 20 independent 100ns simulations for each system, and then calculated the ensemble average to obtain the free energy reported in Fig. 6 . Comparison of the simulations with and without electrostatic interactions allows us to assess the role water plays in modulating the binding of Ca 
